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Abstract 
In FDA regulated medical device manufacturing, real time inspection of manufactured product is limited by the requirement to 
destructively test random samples of the product post production. Infra Red thermography offers the ability to non-destructively
test, key critical to quality attributes of medical devices during laser welding and facilitates real time statistical process control 
for enhanced product quality and yield. This paper will present results of research work focused on non-destructive methods 
using Infra Red Thermography to potentially replace destructive methods of assessment for laser welded joints in stent delivery 
catheters. The approach utilizes designed experiments in conjunction with IR assessment and also identifies some limitations of
the proposed method. 
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1. Introduction 
In draft guidance the FDA [1] propose that manufacturers should, “understand the sources of variation, detect the 
presence and degree of variation, understand the impact of variation on the process and product” and finally “control 
the variation in a manner commensurate with the risk it represents to the process and product”. They suggest that 
advanced strategies such as Process Analytical Technology (PAT), be developed and applied so that output remains 
constant. PAT has been defined [2,3] as a system for designing analyzing and controlling manufacturing through 
timely measurements (i.e. during processing) of critical quality and performance attributes of materials and 
processes with the goal of ensuring final product quality. The benefits [2] from the application of this technology are 
a reduction in cycle times, scrap reduction, real time release, a reduction in the human error, improved efficiencies 
and the facilitation of continuous improvement.  
Catheters (shown in Figure 1 and Figure 2) are medical devices that are used in angioplasty procedures, e.g. for 
use in the deployment of stents, and are constructed from sections of polymer tubes combined with additional 
functional features such as an inflatable balloon. Laser welding is widely used in the manufacture of catheter devices 
for joining the various components; for example the balloon catheters to be used in this project contain 8 separate 
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laser welded joints. Currently the quality of the laser welded joints in catheter medical devices is tested using a 
destructive tensile test based on a batch sampling plan. State-of-the-art laser welding systems utilize closed loop 
feedback based on Infra-Red (IR) imaging to control the welding process [4]. These and related technologies are 
specifically designed for process improvement while this paper is focused on developing a novel 100% inspection 
technique that determines weld quality. Numerous non-destructive methodologies have been identified [5,6] 
(ultrasonic, machine vision, thin film measurement, acoustic, IR thermography) however most were excluded due to 
cost, throughput cycle time and resolution. Infra red thermography was identified [7-10] as a potential solution with 
polymers and was investigated further as part of this research. The goal of the study then is to assess the use of IR 
profiles as a predictor of final weld quality of laser bonded medical devices.   
Figure 1. Abbott Vascular Multi Link Vision Stent delivery system 
Figure 2. Schematic of Abbott Vascular Catheter. A typical catheter is over 1 metre long with ~1mm diameter and can contain as many as 8 
individual laser welded joints 
The bonding discussed here focuses on the tip portion of the catheter and consists of two distinct welding 
operations. In the first, the Tip Weld as shown in Figure 3, a pliable tip is attached to the balloon material by 
rotating the catheter so that laser focal spot impinges on the tip-balloon joint. During the laser process, the polymer 
joint region is supported by a metal mandrel and the welding zone is constrained using  a heat shrink tubing 
material.  
Figure 3. A schematic of the tip before and after welding 
Balloon Material
Support Mandrel
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Figure 4. A schematic of the Distal bond before and after welding 
The second laser cycle, the Distal Weld as shown in Figure 4, is used to bond the inner member to the tip joint 
and is processed in the same way however the laser power and cycle times are different. The integrity of the overall 
bond is then evaluated using an Instron 5500 series tensile testing bed. In the manufacturing environment this 
involves periodic random sampling of the product. The tensile test has a lower specification limit of 0.5 Lbs   
2. Equipment and Materials 
2.1. Laser and IR Camera Equipment Description 
The laser welding  system consists of a laser source, a mechanical motion and fixtuing system, and an IR thermal 
imaging camera  The laser source is a Synrad 10 W CO2 laser operating at a wavelength of 10.6 μm with a spot size 
of 0.8 mm,. The X linear table is mounted on a theta and Y axis plate. This plate holds dual spindles with vee blocks 
to support the product, during manipulation under the laser beam. An infrared imaging camera, manufactured by Flir 
Industries, model SC325 with a 4X magnification optic was installed with a 45 degrees off radial view of the 
rotating laser bond. The camera sensor nominally detects long wave infrared radition (LWIR) from 7 μm to 14 μm 
but a short pass filter at 9 μm has been inserted to protect the sensor from the high intensity CO2 laser radiation. This 
camera was used to record the laser welding processes where 30 temperature samples per second were captured 
from the bond in real-time. This camera was inserted inside the laser welding system to monitor the laser bond 
during processing. The laser welder is shielded to prevent both CO2 laser and infrared radiation from exiting the 
system. An example of the IR camera mounted in the laser system is shown in Figure 5(a).  
Figure 5. (a) Set up of IR Camera in laser welder; (b) Screen shot of thermal profile and irradiated laser bond  
Inner member
Support Mandrel
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The thermal profile was displayed and interpreted using a LabVIEW program. An example of the output is 
shown in Figure 5(b). A real time image of the irradiated bond is shown at the top left hand corner of this figure. 
The thermal profile which records the hottest point of the thermal image, at each time stamp is also displayed. 
2.2. Component materials 
The Tip material is made from a PeBax 63D while the balloon material is PeBax 72D. The inner member is a tri 
layer material of Promocor, Nylon and high density polyethylene (HDPE). The shrink tubing used during the laser 
cycle is low density polyethylene (LDE) containing ethylene vinyl acetate. In order to calibrate the IR camera and 
ensure the accuracy of any surface temperature the material emissivity of shrink tubing material (ethylene vinyl 
acetate) was established. The value used in this experimentation was 0.98. 
3. Experimentation 
3.1. Experimental Design 
The main purpose of the investigation was to establish if IR thermography can become a good predictor of weld 
tensile strength. The technique would have to take into account variations in the designed operating space and would 
need to be sensitive to special cause interventions in the process. In order to achieve this goal a designed experiment 
(DOE) which created different populations of tip joints as measured by their tensile strengths was performed. To 
create these populations 2 different sizes of product were used. Laser power values were chosen at the extremes of 
the current tip and distal welding settings and other factors which could vary during the welding cycle were 
included. The focal length was adjusted in combination with power setting and product size for optimum focus on 
the surface of the bond. Also the concentricity of rotation (wobble) was deliberately varied to evaluate the effect on 
the IR signal. The potential effect of wobble would be to move the spot off the weld and reduce the irradiated 
surface of the bond. This is illustrated in Figure 6.  
Figure 6. Schematic of the potential effect of poor concentricity (Wobble) 
Different lengths (gap) s between the tip and the inner member material were also introduced and different angles 
of tip cut were simulated to create poor fit up between the tip and the balloon material. These variations in fit up 
were not expected to impact the IR signal however it could impact the final tensile result. The experiment structure 
is shown in Figure 7. Each treatment level contained 16 batches of units and 2 batches (17, 18) were created at 
nominal conditions. The experiment design follows the approach by Moen [10] and Sanders [11] and is a mix 
between a full factorial and fractional factorial design. The wobble and gap factors are fractionated to reduce the 
number of parts needed for the experiment as adequate information on these effects can be achieved with a smaller 
number of units. They are also level confounded in the study. If any these factors signal, as having a strong 
influence on the process then further experimentation would be required to separate the effects. In the DOE, 10 parts 
are produced at each of the full factorial treatments. This is to allow for any experimental fall out and approximately 
7 samples were  processed through the fractional design. 
 The - / + levels i.e. the operating settings for each of the different factors were extremes outside the normal 
operating range and were set by trial and error to ensure that product for testing could be made at each of these 
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levels. The reason for moving outside the normal ranges was to ensure distinct tensile populations could be created. 
As each bond was generated a video of the rotation of the bond and an IR thermal profile were recorded and once 
complete each part was tensile tested. 
Figure 7. Structure of Designed Experiment 
4. Results and Discussion 
4.1. Tensile Populations 
The results of the DOE build are illustrated in a multi-vari chart in Figure 8(a). As can be seen from the graphic 
the DOE was successful at creating different populations of tensile strength. The actual tensile results are illustrated 
by the colored dots and the vertical bars represent the different DOE conditions. The height of these bars is a 
graphical representation of the variation within that DOE condition. Visualizing the results indicates that, where the 
combined laser power settings are high the corresponding tensile strengths are towards the upper end of the 
specification. A response surface generated from the DOE prediction equation, for 4.0 diameters is shown in Figure 
8(b). This illustrates and confirms the effect of heat energy from the laser on the bond strength.  
Figure 8. (a) DOE to create different populations of Tensile strength; (b) Response Surface of laser power effects on tensile 
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4.2. IR Profiles 
The IR profiles were considered for DOE conditions 11 and 16. Condition 11 corresponds to low Tip and Distal 
laser welding average power. Condition 16 corresponds to high tip and distal welding average power. The IR 
profiles measured in Kelvin, are shown in Figure 9(a) & Figure 9(b) respectively. The melting point of the bond 
occurs at 445 Kelvin. Condition 11 has a mean tensile value of 1.14 Lbs and standard deviation of 0.17 Lbs while 
condition 16 has a mean of 1.6 Lbs and standard deviation of 0.14 Lbs. Two distinct IR profile clusters are in 
evidence in both graphs corresponding to these tensile populations.  Based on this analysis the corresponding 
thermal profiles could be used as a predictor of tensile strength. 
Figure 9. (a) Tip weld IR Profiles for DOE condition 11 and 16; (b) Distal weld IR Profiles for DOE condition 11 and 16 
4.3. Other artifacts in the IR Profiles 
To evaluate the phenomenon illustrated in Figure 6 the concentricity of the part rotation was deliberately off set 
and its impact on the IR profile assessed. The DOE condition where this was introduced, is signaled by the + sign on 
the wobble factor. The IR profiles for DOE conditions 9 (- no wobble) & 10 (+ wobble) are illustrated in Figure 10. 
Both conditions also have a different laser power setting and have distinct locations on the chart. The IR profiles for 
condition 10 are seen to varying dramatically during the cycle while the lower profiles associated with condition 9 
and quite smooth. This indicates the IR profile can be used to assess other attributes of the welding process.    
Figure 10. IR Profiles of DOE Conditions 9&10 to assess level of  concentricity 
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4.4. Methods for evaluating the profile 
4.4.1. Partial Least Squares Regression 
Partial Least Squares regression (PLS) [13,14] which is used extensively in the chemometric field to evaluate 
response profiles was applied to the IR data in this case . PLS has been used to compare spectral responses in NIR 
and Raman spectroscopy where the spectral responses have been calibrated to known outcomes e.g. drug 
concentrations. If a certain spectral profile is achieved then this correlates to a specific concentration level. The 
method is applied here in an attempt to interpret the IR profiles and correlate them to tensile outputs. The IR profiles 
for the 4.0 diameters and corresponding tensile results were used to build a model and are shown in Figure 11. 
Figure 11. (a) Goodness of fit assessment of Tip IR PLS prediction model; (b) Distal IR PLS prediction model 
It should be noted that although each IR profile for Tip and Distal weld are assessed independently, in this 
analysis, they are compared to tensile values which are a result of the sum of the effects of both laser steps. 
Visualizing the data it can be seen that there is a weak correlation between the prediction equations and the actual 
tensile results recorded. This is confirmed by a best fit smoothing spline which gives R-Square values of 0.27 & 
0.28 for the Tip IR and Distal IR respectively. However in some cases the PLS approach is able to distinguish 
between the low and high tensile populations. DOE extreme conditions, 9 and 16 are distinguishable in both models. 
DOE conditions 13, 14, 15 &16 are all predicted higher in the Distal PLS model although with a lot of variation in 
the clustering. In the Tip model, condition 12 is located within the high tensile cluster while 10, 13 & 15, show poor 
correlation. In the Distal model condition 12 is grossly out of sync, while condition 11, shows poor correlation in all 
the models.  
In general the PLS model will be predictive at the extremes of high laser power. If both laser steps achieve their 
optimum IR profile then the clustering around 1.65 Lbs (predicted) in both models could be used as a predictor of 
final weld quality. However it struggles for accuracy when the model interacts with other DOE factors and also due 
the summative nature of the tensile result. These effects will skew the results and would indicate that at best the 
model can predict gross relative shifts in the process, but would not be able to detect subtle changes and as such 
would not be recommended for use in this case.  
4.4.2. Integration under IR profile 
Building on the findings of the PLS analysis, if both IR profiles are at optimum, then the integration under the IR 
profile and a baseline set at 445 degrees could be an indicator of the bond quality. This integrated area was 
calculated and correlated to tensile strength. However, similar R-Square values to the PLS approach were recorded.  
The results are displayed in Figure 12(a) & Figure 12(b), for Tip and Distal respectively. As in the PLS case distinct 
populations are capable of being detected, due to the clustering of high and low tensile responses, above and below 
certain integration levels. For example conditions 9 & 11 which received low Tip laser power and low Distal laser 
power as signified by low integration values had relatively low tensile strengths. Similarly conditions 14 & 16 which 
received high laser power in both cycles are clustered around high integration and tensile values. The effect of 
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interactions with other factor settings is again evident. If we observe condition 12, which received low Tip weld 
power as signified, by integration values below 30000 and high Distal weld power (integration values above 25000), 
the tensile strength of these population are relatively high. As in the PLS case the interaction of other DOE factors is 
affecting the predictive ability of these models. In summary where integration values are recorded above 65000 
during the Tip welding cycle and above 25000 for the Distal welding cycle then a good tensile strength value can be 
expected, provided other effects identified in the study are controlled adequately. Finally the use of integration under 
the curve values can be misleading and should be used with caution, as it is possible to get the same integration 
value and yet have grossly different curves. 
Figure 12. (a) Goodness of fit assessment of Tensile against Tip IR integration; (b) Distal IR integration 
4.5. Summary of profile analysis 
The heat energy input due to laser power setting and variation due to lack of concentricity can all be visualized 
using the IR profiles. Using predictive models to interpret the profile has limitations, due to non heat energy related 
factors and interaction effects. These effects introduce excessive noise to the models which limits their predictive 
abilities. In practice these affects would need to need to be monitored and controlled before an IR profile could be 
used as the sole predictor of quality. However given these constraints it is possible to visualize shifts in the heat 
energy deployed to the bond and weld quality can be predicted if the profiles are viewed independently and follow a 
certain repeatable pattern. Therefore a combination approach is proposed here, where factors that don’t relate to 
irradiation of the bond are monitored and controlled independently, while both laser step IR profiles are assessed 
individually on whether they have achieved their optimum level. We believe this ensemble approach offers the best 
solution for the correct assessment of laser bond quality.  
4.6. Approach for controlling IR Profile 
Statistical process control (SPC) [13,15] is used extensively in industry to maintain a process on target. The 
premise for its use is that any repeated process will naturally vary about a process mean, P . However sometimes the 
process can vary more than expected or the mean of the response can shift. This is usually due to an external 
intervention in the process. By establishing an optimum mean and control limits for the natural variation in the 
process, these unexpected interventions can be detected. We now propose a method based on statistical process 
control limits to evaluate each IR profile as it is generated. Let 
it
x be the recorded IR temperature at time stamp it
where i  is one cycle of the laser process and let tP & tV be an estimation of the mean and variation of the  IR 
profile at time stamp t , recorded where all other factors are keep stable at optimum operating conditions. The 
control limits CL can be calculated at each time stamp t using 
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ttt ZCL VP D 2//          (1)
If x varies normally then the critical region 2/DZ can be set empirically based on historical data and process 
engineering knowledge. For the example illustrated here, a critical region of 0.00135 is used which gives a Z score 
of 3.0 [16]. If we consider the DOE condition 16 as the optimum IR profile, for the distal weld, then using equation 
(1) above for each time stamp gives the profile shown in Figure 13. DOE conditions 9 & 10 are then compared to 
the proposed control limits which is illustrated in Figure 14(a) & Figure 14(b) respectively. It can be seen using 
these limits that a lack of rotational concentricity would be detected and also if the optimum heat energy in the bond 
had not been achieved. For the calculations shown here, 6 n , in practice 20!n would be required to establish 
optimum control limits for the process.  
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Figure 13. (a) Distal IR Optimum profile with control limits 
Figure 14. (a) DOE Condition 9, Thermal Profile not met; (b) IR Profile monitoring for DOE condition 10, excessive rotational wobble 
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5. Conclusions 
This study created different tensile populations of a two step laser polymer bond on a medical device catheter. To 
test their predictive ability, IR profiles at each of the steps were recorded and compared to the tensile strength 
achieved. Partial least squares (PLS) regression and integration under the IR profile were used to assess the 
relationship but were found to be inadequate due to non heat energy factors affecting the process. These factors 
would have to be controlled separately in order to use the IR profile as predictor of quality. A statistical process 
control (SPC) technique was introduced to monitor the IR profile achieved during the welding cycle. The 
experimental findings suggest that IR profiles can be used as a predictor of polymer bond tensile strength, if the 
profile is controlled within certain defined ranges and non heat energy factors remain stable during the cycle.      
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